ABSTRACT: For proteins that denature irreversibly, the denaturation is typically triggered by a partial unfolding, followed by a permanent change (e.g., aggregation). The regions that initiate the partial unfolding are named "weak spots". In this work, a molecular dynamics (MD) simulation and data analysis protocol is developed to identify the weak spots of Trichoderma reesei Cel7B, an important endoglucanase in cellulose hydrolysis, through assigning the local melting temperature (T mp ) to individual residue pairs. To test the predicted weak spots, a total of eight disulfide bonds were designed in these regions and all enhanced the enzyme thermostability. The increased stability, quantified by ΔT 50 (which is the T 50 difference between the mutant and the wild type enzyme), is negatively correlated with the MD-predicted T mp , demonstrating the effectiveness of the protocol and highlighting the importance of the weak spots. Strengthening interactions in these regions proves to be a useful strategy in improving the thermostability of Tr. Cel7B.
■ INTRODUCTION
Cellulose hydrolysis of reducing sugars, which are then fermented to biofuels, is a key process in biomass conversion. 1 Cellulases represent a friendly catalyst for the hydrolysis, and these generally include exoglucanases cleaving cellobiose from cellulose strand ends, endoglucanases cleaving strands randomly, and β-glucosidases converting soluble cellodextrins and cellobiose to glucose. These cellulases usually consist of two domainsa large catalytic domain (CD) and a small carbohydrate-binding module (CBM)connected by an Oglycosylated linker peptide. The binding of the CBM to cellulose is important for the hydrolysis.
2−4 However, recent work indicates that eliminating CBMs from cellulases results in comparable hydrolysis efficiency if the substrate lignocellulose loading is high. 5−7 Unlike the intact cellulases, which bind irreversibly to lignin after the hydrolysis of lignocellulose, the cellulases without CBMs tend to stay in the supernatant of the reaction mixture so that a much better enzyme recycling can be achieved 5−7 after the finish of the catalysis, which reduces the cost of the hydrolysis process, one of the key obstacles in the commercial application. The CBM and the linker are important for the thermostability of exoglucanase Tr. Cel7A 8 as well as endoglucanase Tr. Cel7B (discussed below), and removing these two components considerably decreases the melting temperature. To achieve an efficient cellulose hydrolysis at high temperature (e.g., 50°C, which is the temperature at which the catalysis by commercial cellulases generally operates), the thermostability of the catalytic domains of Cel7A and Cel7B has to be improved.
Rational design plays an important role in protein engineering to, for example, improve protein stability, enzyme substrate selectivity, and catalytic efficiency. Unlike directed evolution, 9 which is another powerful protein engineering method, a threedimensional (3-D) protein structure is prerequisite for the application of the rational design method. The advancing of rational design not only produces proteins with the desired properties, but also improves our understanding of the protein structural functional relationship. In the rational protein stability engineering process, a total of 19 natural amino acid mutations can be made for each residue, where the mutational effect on the thermostability must be determined. Many computational programs have been developed for this purpose (CC/PBSA, 10 EGAD, 11 FoldX, 12 I mutant 2.0, 13 Rosetta, 14−17 etc.). All these methods use scoring functions to rank the mutations; thus, these are quite efficient, but with only moderate accuracy. Potapov and co-workers 18 performed a benchmark study for the programs mentioned above and showed that the correlation coefficient R p , between the predicted unfolding free-energy differences ΔΔG (between the wild type and the mutant) and the experimental values, is <0.6. Previously, we showed 19 that combining the FoldX method with free-energy calculations from molecular dynamics simulations is effective in improving the thermostability of a bacterial blue-light photoreceptor YtvA from Bacillus subtilis.
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The free-energy method implicitly assumes that the equilibrium is formed between the folded state and the unfolded state. For many proteins that unfold irreversibly, the unfolded state is not well-defined. The denaturation generally consists of a partial unfolding, followed by an irreversible process (e.g., aggregation). 21, 22 The key then is to find the region that is important for the partial unfolding, namely, the "weak spot", 22−25 and forge stronger interactions in the weak spot. However, identifying the weak spot, which can be done experimentally by making many mutations (e.g., Xxx to Ala) all over the protein and evaluating their effects on thermostability, is very time-consuming.
A funnel-shaped energy landscape is generally assumed for protein folding. The folded state, which is at the bottom of the landscape, corresponds to the most stable conformation. As the protein begins to unfold, more conformations are visited. Protein backbone hydrogen bonds were shown by NMR to respond differently to temperature 26, 27 and pressure changes.
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A NMR residual dipolar coupling study of protein GB1 structure at different pHs 29 suggested that certain regions of the protein start to change conformations, even though the overall protein structure remains folded. These regions with conformational changes are called "melting hot spots", which are reminiscent to weak spots. 29 Molecular dynamics (MD) simulation is a powerful technique in characterizing protein structure and dynamics and has been applied to study protein stability and its behavior at different temperatures. 30−35 Specifically, MD simulations at high temperature have produced results of protein unfolding in good agreement with experimental observations. 36−40 Encouraged by these studies, in this work a multitemperature MD simulation and data analysis protocol is developed to assign local melting temperature T mp to each contacted residue pair. Then, based on the distribution of the local melting temperature, the weak spots are predicted. Disulfide bonds are introduced in the weak spots and all show improved thermostability. Combining multiple mutants further improves the enzyme thermostability. The results demonstrate that the simulation method is effective in identifying weak spots and strengthening interactions in these regions through disulfide bonds is a good method for improving T. reesei Cel7B thermostability.
■ METHODS AND MATERIALS
MD Simulation. The starting Cel7B model was from the Xray crystallography structure (WT, Protein Databank (pdb) code: 1EG1 41 ). The pK a values of all ionizable residues were predicted by PROPKA. 42 In addition, those with pK a smaller than 5.0 were deprotonated while those with pK a larger than (or equal to) 5.0 were protonated. MD simulations were carried out using Gromacs 4.5, 43, 44 with the Charmm27 force field 45 for the protein and TIP3P for water. 46 The protein was solvated by adding 9.0 Å of water in a dodecahedron box and Na + ions were used to neutralize the system. Before the production run, 1000 steps of energy minimization, followed by 20-ps MD simulations at constant pressure (1 atm) and temperature (300 K), were performed to equilibrate the system. A harmonic restraint with the force constant of 1000 kJ/nm 2 was used to restrain the backbone atoms of the protein in the equilibration and was removed in the production run. The pressure was regulated using the extended ensemble Parrinello−Rahman approach 47, 48 and the temperature was controlled by a modified Berendsen thermostat. 49 The Particle-Mesh-Ewald Method 50, 51 was used to evaluate the contribution of the long-range electrostatic interactions. A nonbonded pair list cutoff of 10.0 Å was used and the nonbonded pair list was updated every 5 steps, or 10 fs. All bonds to hydrogen atoms in proteins were constrained by using the LINCS 52 algorithm, whereas bonds and angles of water molecules were constrained by the SETTLE 53 algorithm, allowing a time step of 0.002 ps. The MD simulations were performed at the temperatures starting from 250 K, increased at an interval of 5 K to 500 K, and with three runs (15 ns each, with initial velocities generated randomly) at each temperature. MD snapshots were saved every 50 ps, and only those from the last 10 ns were included in the data analysis.
Cloning, Expression, and Purification of Tr. Cel7B. The enzyme and its mutants were expressed in E. coli strain origami (DE3). The details about the cloning, expression, and purification of Tr. Cel7B were described elsewhere. 54 All the mutations were made by PCR-based site-directed mutagenesis and verified by DNA sequencing. The purity was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentration was measured by UV spectroscopy using an extinction coefficient of 62310
at 280 nm.
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Activity on FP and Avicel. A mixture of filter paper (FP, Whatman No. 1) or Avicel PH101 (Sigma−Aldrich) with Cel7B-CD enzyme was incubated in a 2-mL Eppendorf tube (50 mg/mL substrate and 0.14 μM enzyme with a total volume of 400 μL, in a 100 mM NaAc and pH 5.0 buffer). For the specific activity measurements of the WT and the mutants, the mixtures were incubated at 50°C for 24 h. The reactions were stopped by filtering the mixture through 0.22 μm filter, which effectively removes the reactant. The main products of cellulose hydrolysis by Cel7B are cellobiose and glucose. 56 To completely convert cellobiose to glucose, 25 μL of 2 μM Thermotoga maritima β-glucosidase (purified as described in the literature 57 ) was added to 75 μL of the product mixture, which was then reacted for 1 h at 65°C. The concentration of the glucose was measured by PAHBAH 58 assay. To determine the optima temperature of the enzyme, the mixtures were incubated at different temperatures (30, 40, 45, 50, 53, 56, 59 , and 62°C) for 15 min. The reducing sugar released was converted to glucose as described above. The time course of the Avicel and FP hydrolysis was also monitored for the WT and the mutant G4C−F71C/N160C−G183C/S168T at 40, 50, and 53°C, at the time points of 0.25, 0.5, 1, 2, 4, 6, 9, 12, and 24 h. The activity experiments were done in triplicate, which provided an estimation of the measurement error. The specific activity (U/mg) is defined as the amount of reducing sugar (μmol) released per minute per milligram of enzyme.
T 50 Measurements. T 50 is defined as the temperature at which a 3 min of incubation causes a loss of 50% of the activity, relative to a reference sample, which does not undergo incubation. Twenty microliter (20 μL) samples containing 0.25 μM Tr. Cel7B (100 mM NaAc, pH 5.0) each were incubated at different temperatures for 3 min. After cooling on ice, 80 μL of CMC (final concentration of 0.8% (w/v), 100 mM NaAc, pH 5.0) were added to the reaction mixture and reacted for 15 min at 50°C before quenched by DNS. 59 The reducing sugar was measured by the DNS assay. 59 The 3-min incubation at high temperature significantly diminished the enzyme activity at 50°C, indicating that the unfolding of the enzyme was irreversible. The residual activity versus temperature was plotted and fitted using four-parameter sigmoidal curves. 60 
■ RESULTS AND DISCUSSION
A series of MD simulations of T. reesei Cel7B CD domain were run at temperatures ranged from −23.2°C (250 K) to 226.9°C (500 K) with an increment of 5°C. Three independent MD runs (15 ns each) were performed at each temperature. The two residues are considered in contact only if they are separated apart by more than four amino acids in the sequence and have a closest distance of <4.0 Å (between two heavy atoms) in the Xray structure (pdb code: 1EG1). A total of 694 contacts were identified from the X-ray structure. 41 The distance between the C α atoms of each contacted residue pair was recorded and averaged at each temperature. This distance typically becomes larger at higher temperature due to the unfolding. And the variation of the C α distances of different contacts can be substantial for large distances so that quantitatively comparing the contacts using the C α distances is not straightforward. To solve the problem, the distance is converted to an effective contact c e , by the equation c e = exp(−r/r 0 ), where r is the distance between two C α atoms and r 0 is a constant (4.0 Å). This equation ensures that the effective contact decreases as the distance increases and the variation of c e becomes smaller for larger distances. c e is averaged over the MD snapshots of three runs at each temperature to yield ⟨c e ⟩, where ⟨·⟩ denotes the ensemble average. The effective contact at different temperatures then is scaled to yield c es (T i ) = ⟨c e (T i )⟩/⟨c e (T 0 )⟩, where ⟨c e (T 0 )⟩ is the average contact at the lowest temperature of the MD simulation (−23.2°C). As a result, c es at the lowest MD temperature is 1. In this work, the average ⟨c e ⟩ value from the four lowest simulation temperatures is used as the denominator to minimize the numeric noise. c es is plotted against temperature for each contact and fitted to a sigmoid function (see Figure 1 , as well as Figure S2 
where a, b, and c are three fitting parameters (a corresponds to the c es value at the lowest temperature (e.g., T = −23.2°C), b reflects the decreasing rate of c es , and c is the temperature at which c es is equal to a/2). The temperature with c es = 0.5 is defined as the local melting temperature of the contacted pair (T mp ). If a pair has c es > 0.5, even at highest simulation temperature of 226.9°C, extracting its T mp is not possible, because its value is higher than 226.9°C. Nevertheless, 226.9°C is assigned to the pair T mp , corresponding to the lower limit value of this residue pair. The T mp values of different residue pairs are listed in Table S1 in the Supporting Information. To simplify the data, the pairwise T mp is projected to individual residues by assigning the T mp to the two residue components. If a residue forms multiple contact pairs, the lowest T mp from the pairs is assigned to the residue (Figure 2 ). The mapping of residue specific T mp to the enzyme 3D structure provides a direct view about the weak spot ( Figure 3 ). Several clustered regions, including residues Q2−T7, W40−Y46, V55−E73, G151−S168, R179−L185, S213−G230, C293−L302, and N321−A350, show relatively low T mp (<176.9°C (450 K)), suggesting that their conformations begin to change at low temperature. In other words, they initiate the Cel7B unfolding. The details about each region will be described below together with the experimental data.
To test the predicted weak spots, disulfide bonds are introduced by using the software Disulfide by Design (DbD, version 1.20). 61 Only the disulfide bonds formed in the weak spots are subjected to experimental validations, which include a total of eight cysteine double mutants (see Table 1 and Figure  3 ). The wild-type Cel7B CD has a T 50 value of 54.6°C ( Figure  4A ), which is considerably lower than the T m value of the intact Tr. Cel7B (67.6°C), 62 but close to the T m of Tr. Cel7A catalytic domain (51°C), which is a homologue of Cel7B-CD. 8 The CBM and the linker apparently stabilize Tr. Cel7B. Compared to the wild-type Cel7B CD, all the mutants display higher T 50 values, 60 suggesting that designing a disulfide bond in the regions with low T mp is effective in improving the thermostability of Tr. Cel7B. It should be emphasized that the experimental T 50 value cannot be compared directly with the predicted T mp value, which, for most residues, is higher than 126.9°C (400 K, Figure 2 ). The length of each MD simulation is only 15 ns, most likely much shorter than the unfolding time scale of Tr. Cel7B. However, the high-temperature simulations permit one to observe the initial unfolding (weak spots, assigned by T mp ) so that stronger interactions can be introduced to stabilize these initiation sites. In addition, the experimental T 50 difference between the wild type and the mutant (ΔT 50 = T 50 (mutant) − T 50 (WT)) shows a negative correlation with the predicted T mp ( Figure 4B ), suggesting that the predicted weak spots are consistent with the experimental findings. The details about the weak spots are discussed as follows. Q2−T7. This N-terminal fragment is in contact with multiple residues from the fragments W40−Y46, V55−E73, and G154−S168, and a few contacts display relatively low melting temperatures, such as Q2−G67 (T mp = 120.9°C, Table  S1 in the Supporting Information), P3−A162 (91.5°C), G4− E73 (142.3°C), and S6−Y46 (124.7°C). Two designed disulfide bonds G4C−F71C and G4C−E73C, which link two weak spots Q2−T7 and V55−E73, have T 50 values that are 2.3°C higher than the WT (Table 1) . It is interesting that the G4C−F71C disulfide bond is present in the Cel7B homologue Tr. Cel7A. 63 Based on our calculation, it is expected that this disulfide bond is important for the thermostability of Tr. Cel7A as well.
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V55−E73. Besides close contacts with Q2−T7, this fragment also forms contact with other residues from G151− S168 and R179−L185. Several contacts show low T mp values, including E63−Y159 (118.3°C), A64−Y159 (132.0°C), G67−Y159 (156.6°C), and I72−A162 (123.9°C); however, no suitable disulfide bond can be found in this region with fragments G151−S168 or R179−L185 by using the DbD software.
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G151−S168. This fragment forms contacts with fragments Q2−T7 and V55−E73, as well as R179−L185. A few contacts have very low T mp values, such as G151−N182 (154.2°C), G154−G183 (145.3°C), G155−G183 (145.3°C), and N160− G183 (151.0°C). Three disulfide bonds were designed G155C−G169C, G155C−G182C, and N160C−G183Cand all showed increased T 50 values (ΔT 50 = 0.3, 1.9, and 2.2°C, respectively; see Table 1 ).
S213−G230. About a dozen contacts are formed between this fragment and fragments C293−L302 and N321−A350. A few of them have low T mp , including S213−A296 (177.0°C), D220−A296 (139.4°C), Y229−A335 (157.6°C), and G230− N334 (148.2°C). One disulfide bond S231C−A296C was designed, which had a T 50 value 0.7°C higher than that of the WT.
N321−A350. This fragment shows contacts with S213− G230 and within itself, among which D321−I348 (164.5°C), D322−P345 (167.4°C), Y326−G343 (163.2°C), N328−S340 (141.5°C) and S332−S340 (153.9°C) appear to be relatively unstable. One disulfide bond Y326C−G343C was engineered, which improved the enzyme's T 50 value by 2.7°C.
All eight mutants from the weak spots show enhanced thermostability, with T 50 increases ranging from 0.3°C to 2.7°C
, suggesting that strengthening interactions in the weak spots through disulfide bond stabilizes Cel7B. We also conducted a Figure 3 . Mapping of T mp to the 3-D X-ray structure of Tr. Cel7B (pdb code: 1EG1 41 ). The color changes from red through white to blue as the T mp increases. The residues involved in the mutations are labeled and highlighted in green. The figure is made by using the VMD software. a T 50 is defined as the temperature at which 50% of the activity is lost. b The specific activity was measured at 50°C for 24 h and more details are described in the main text. control study by designing a disulfide bond mutant T15C− S87C which is not from the weak spot. This mutant has a T 50 of 55.3°C, slightly higher than the WT (ΔT 50 = 0.7°C). However, this T 50 value is lower than six of the eight disulfide bond mutants from the weak spots. Thus, the authors argue that designing a disulfide bond from the weak spots is a better way to improve protein stability. The negative correlation between predicted T mp and experimental ΔT 50 also underlines the importance of the weak spot for the disulfide bond selection (see Figure 4B) .
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Combination of Mutations. As discussed above, all the disulfide bond mutations improve the enzyme thermostability. The enzyme-catalyzed hydrolysis against filter paper and Avicel cellulose was also measured, with most of the mutants having slightly reduced activities (Table 1) . A few mutants with relatively high activities are combined, where G4C−F71C/ N160C−G183C and G4C−F71C/G155C−N182C further improve the T 50 to ∼60°C (Table 1 ), indicating that these two disulfide bonds are independent from each other. However, the combination G155C−N182C/N160C−G183C has a T 50 value of 56.9°C, which is close to the individual disulfide bond mutants, so that the stabilization effect is not additive, probably due to the proximity of the two disulfide bonds. A single mutation S168T, also from the weak spot, further improves the T 50 values by 2.4 after combination with G4C−F71C/N160C− G183C. Relative activity at 50°C after incubation at different temperatures versus the incubation temperature for the wild type (WT), and mutants G4C−F71C and G4C−F71C/N160C−G183C. The T 50 value was estimated by fitting the data to a sigmoid function. 60 (B) Correlation between the predicted pairwise T mp (see Table S1 in the Supporting Information) and experimental ΔT 50 , defined as the T 50 difference between the mutant and wild type Tr. Cel7B (ΔT 50 = T 50 (mutant) − T 50 (WT)). The best fitted line is ΔT 50 = 14 − 0.028T mp . The pairwise T mp was from the fitting of c es to eq 1. Specific activity of the mutant G4C−F71C/N160C− G183C/S168T against Avicel and FP was determined as a function of temperature (30−63°C, 15 min of reaction time). When using Avicel as the substrate (Figure 5A ), the temperature optimum for the mutant is ∼50°C (∼10°C higher than that of the WT), and the maximum activity of the mutant is similar to the WT. In comparison, when using FP as the substrate, the mutant has a lower specific activity than the WT at low temperature, although it still has a temperature optimum ∼10°C higher than the WT ( Figure 5B ). The activity of the G4C−F71C/N160C−G183C/S168T mutant against Avicel and FP was also measured in a time series (up to 24 h) at 40, 50, and 53°C. For the Avicel substrate, the mutant displays a similar activity profile at three temperatures, whereas the WT shows a decreased activity at high temperature ( Figure  6A) . A similar effect is seen for the WT when using FP as the substrate ( Figure 6B ). The decrease in the activity of the WT is most likely due to its poor thermostability. As for the mutant, a small activity decrease is also observed for the FP substrate as temperature increases, but the amount of reducing sugar released is still ∼2.5-fold of that produced by the WT at 53°C. Overall, the mutant displays a higher activity than the WT at high temperature, because of its improved thermostability.
For a protein that unfolds reversibly, its stability is governed by the free-energy difference between the folded and unfolded states. By increasing this free-energy difference, the protein stability can be improved. However, if the protein unfolds irreversibly, meaning that after the partial or full unfolding, some permanent change occurs to the protein, the protein stability is determined by the (partial) unfolding activation energy immediately before the irreversible step. 21, 22 For such a system, it is critical to characterize this unfolding step. Pikkemaat et al. used the MD simulation to probe the flexibility of haloalkane dehalogenase and designed a disulfide bond to restrain a flexible region, which increased the protein's stability. 32 A similar approach has been adopted to improve lipase thermostability by targeting the residues with high X-ray B-factors. 64 The root-mean-square fluctuation (RMSF) of Tr. Cel7B backbone heavy atoms from MD simulations at 26.9°C shows that a few high-RMSF regions overlap with those with low T mp values (see Figure S1 in the Supporting Information). However, the direct correlation between the two is poor (Figure 7) , suggesting that the local T mp provides new information that cannot be retrieved from the RMSF obtained from MD simulations at a single temperature. The constraint network analysis (CNA) 65−67 developed by Gohlke et al. can also be used to predict the weak spots. The advantage of CNA is its efficiency, which is much higher than the MD method described in this work. It will be interesting to see whether the weak spots predicted by CNA are consistent with the MD method.
■ CONCLUSIONS
In summary, a MD simulation and data analysis protocol has been developed to investigate the weak spots of Tr. Cel7B, whereas engineering disulfide bonds in these weak spots results in improvement of the enzyme's thermostability, with lowermelting-temperature regions displaying more-pronounced effects. The protocol can be easily employed to study other protein systems to probe the weak spot or improve the thermostability. For the disulfide bond mutants that decrease the enzyme activity, it is likely that the mutation perturbs the enzyme structure or dynamics. Directed evolution with a library built based on the weak spots may minimize the perturbation and thus improve the thermostability without compromising the activity. Further studies are needed to test this idea.
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